Abstract: The Atlas, Eastern Cordillera and Pyrenees are thick-skinned thrust-fold belts formed by tectonic inversion of rift basins in continental settings. A comparison of shortening between them shows a gradation from 20-25% in the central High Atlas, to 25-30% in the Eastern Cordillera, and c. 40% in the Pyrenees. Accordingly, there is a structural variation from interior zones with low structural relief and isolated basement massifs in the first two cases, to an axial culmination of stacked basement thrust sheets in the Pyrenees. This results in marked topographic and drainage variation: the High Atlas and Eastern Cordillera contain axial plateaus dominated by structure-controlled longitudinal rivers and orogen flanks with slope-controlled transverse rivers, whereas the Pyrenees show a two-sided wedge profile dominated by transverse rivers. In spite of singularities exhibited by each orogen, we propose that this spatial variation can be understood as reflecting different degrees of evolution in mountain building. Rapidly incising, transverse rivers are capturing earlier longitudinal streams of the Atlas and Eastern Cordillera, thus reducing their axial plateaux, which will eventually disappear into a transverse-dominated drainage. This pattern of landscape evolution may be characteristic of inversion orogens as they develop from initial stages of inversion to full accretion.
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The Atlas Mountains, the Eastern Cordillera of Colombia and the Pyrenees are typical examples of thrust-fold belts formed by tectonic inversion of former continental rifts. Rift inversion is a common modality of compressional deformation in intraplate regions, in addition to other mechanisms characteristic of craton deformation such as lithospheric folding or upthrusting of isolated basement massifs (e.g. Ziegler et al. 1998) . Inverted rifts typically show a lesser amount of orogenic shortening than collisional mountain belts at plate-boundaries because they lack powerful slab-pull forces by a subducting oceanic plate, and are driven by far-field stresses instead.
In spite of the singularities in structural style exhibited by each case, we aim to illustrate that the studied inverted rifts possess some common characteristics in terms of topography and drainage evolution, and at least two of them demonstrably differ from self-similar, growing wedge models commonly envisaged for collisional belts. Hovius (1996) remarked that many actively uplifting mountain belts around the world have simple drainage patterns transverse to their main structural trend. On the other hand, Babault et al. (2012) show that in the High Atlas hinterland, the drainage is longitudinal and inherited from an early stage of fluvial organization controlled by the tectonic structures developed during upper crustal folding and thrusting. Amplification of regional slope perpendicular to the tectonic trend in the western High Atlas by continued crustal shortening and thickening triggered a new organization of the drainage system towards the regional slope, thus recording an evolution from longitudinal to transverse-dominated drainage that may represent a common mechanism of fluvial network development in mountain belts where lithospheric convergence progressively increases the regional slopes.
In this paper, we first review and synthesize the structural features of each of the three mountain belts (largely based on earlier works; Figs 1-3), showing that they represent different amounts of deformation and cumulative shortening, and then make a comparison of their drainage network, which we propose defines a consistent pattern of drainage gradation from longitudinal-to transversedominated.
The High Atlas
The Atlas Mountains of Morocco formed during the Cenozoic in the interior of the African plate but in close association with the Europe-Africa convergence (Mattauer et al. 1977) . They consist of two thrust-fold belts (the NE-trending Middle Atlas and the ENE-trending High Atlas), and a wide arch with modest post-Palaeozoic deformation (the AntiAtlas; Fig. 1 ). The High and Middle Atlas belts were created by the tectonic inversion of pre-existing extensional/transtensional basins of Triassic -Jurassic age (Mattauer et al. 1977; Beauchamp 1988; Warme 1988; Frizon de Lamotte et al. 2000; Gomez et al. 2000; Piqué et al. 2002; Teixell et al. 2003 , Arboleya et al. 2004 , whereas the Anti-Atlas, lying originally outside of the rift basins, conforms to a large (100 km-scale or lithospheric-scale) domal fold cut by minor faults (Guimerà et al. 2011) .
We will focus this review on the High Atlas, a 50-120 km wide belt of thrusts and folds deforming a thick succession of sedimentary rocks, dominantly Jurassic in age. The structural style of compressive deformation is mainly thick-skinned (Frizon de Lamotte et al. 2000; Teixell et al. 2003) , whereas in the southern part of the central High Atlas there is a belt of south-verging detached folds and thrusts (Laville et al. 1977; Beauchamp et al. 1999; Tesón 2009 ). This is related to salt or other favourable weak layers in the area. Salt diapirs formed during the earlier extensional episode are occasionally observed (Teixell et al. 2003; Michard et al. 2011; Fig. 4) .
The cross-sections of Figure 4a , b illustrate the characteristic structural style of the central High Atlas. Compressional deformation is heterogeneously distributed: narrow deformation bands constituted by anticlines or thrust faults are commonly separated by broad synclines or tabular plateaux.
Variations in Mesozoic stratigraphy and thickness across many thrust faults attest to their origin as synsedimentary extensional faults. The trend of the main individual thrusts and folds is NE-SW, slightly oblique to the general orientation of the High Atlas belt (Fig. 1) , and whose inheritance argues for oblique rifting during the Jurassic (El Kochri & Chorowicz 1995; Arboleya et al. 2004) . Consistent with the original dip of the Mesozoic basin-bordering faults, the present High Atlas is a doubly verging chain, in which a strongly exhumed internal zone cannot be defined as in other orogenic belts. In fact, owing to the moderate degree of inversion, in much of the interior of the chain, basement is at lower structural elevation than in the peripheral forelands (Fig. 4a, b) . In the central High Atlas there is an axial plateau-like structure (e.g. Fig. 4b ), where the topographic surface is at an elevation of ca. 2000 m. Hence, most of the total orogenic shortening across the High Atlas is concentrated in its northern and southern margins (e.g. Bennami et al. 2001; Tesón 2009 ) Q2 . In addition to thrusting, buckle folding (not necessarily fault-related) is also common in the High Atlas. These folds, even if tight, may involve basement rocks (e.g. as observed at the basement massif SE of Midelt, Fig. 1 ). Section construction resulted in less line-length shortening in basement than in the post-palaeozoic cover (Teixell et al. 2003) ; additional shortening mechanisms such as homogeneous flattening or underthrusting must have occurred in the former. In spite of these difficulties, total orogenic shortening from the restoration of post-palaeozoic layers in the central High Atlas A. TEIXELL & J. BABAULT has been estimated as 24% for the eastern section of Figure 4a and 18% for the western section of Figure 4b (Teixell et al. 2003) . Total shortening still decreases further to the west, in spite of higher topographic elevations and wide exposure of basement in the western High Atlas, a fact not completely understood yet.
Timing of deformation and surface uplift
The Cretaceous post-rift conditions in the Atlas domain gave way to the initiation of compressional deformation in the latest Cretaceous or earliest Cenozoic. Adjacent to the present-day High Atlas is a discontinuous system of foreland basins filled with Neogene deposits (the Souss, Ouarzazate, Haouz-Tadla and Moulouya-Missour basins; Fig. 1 ). Cenozoic sediments provide timing of the rift inversion process from tectonics-sedimentation relationships, although there have been marked discrepancies among different authors that have faced the subject (e.g. Laville et al. 1977; Fraissinet et al. 1988; Görler et al. 1988; Frizon de Lamotte et al. 2000) . For the main deformation episode we follow the recent attributions by Tesón & Teixell (2008) and Tesón et al. (2010) , which combine field observations with magnetostratigraphy.
The earliest indications of folding are provided by the uppermost Cretaceous to Eocene inliers within the High Atlas or the southern thrust front. They occasionally display angular and progressive unconformities (Laville et al. 1977; Froitzheim et al. 1988; Tesón 2009 ), indicating that contractional deformation has been initiated in this time. 
STRUCTURE AND DRAINAGE IN INVERTED RIFTS
However, the sparse occurrences and degree of development of the unconformities indicate that this deformation was very limited, consisting of isolated fold ridges of local extent (occasionally saltrelated) growing within the post-rift basin. The palaeogeography of the correlative subtabular limestone deposits of Paleocene to mid Eocene age still does not conform to a foreland basin system (Herbig & Trappe 1994; Tesón & Teixell 2008) . Above the limestone, fluvial -alluvial red shales, sandstones and microconglomerates of mid to late Eocene age, occurring only in the southern frontal thrust belt of the High Atlas, have been interpreted as the first foreland basin deposits (El Harfi et al. 1996; Frizon de Lamotte et al. 2000; Tesón & Teixell 2008) . It must be pointed out, however, that synsedimentary deformation structures have never been observed in these deposits, and that fission-track studies have failed to detect contemporaneous exhumation in the High Atlas hinterland. Still, provenance from an eroding High Atlas seems probable (Tesón 2009 ); microconglomerates are composed dominantly of recycled pebbles from lower Cretaceous red beds (i.e. approximately the youngest deposits of the Mesozoic Atlas basins), attesting to moderate deformation and exhumation prevailing during the entire Eocene.
The best record for the age of main thrusting in the Atlas comes from the Ouarzazate Basin ( Fig. 1 ) and the marginal thrust belt adjacent to it. The main infill of the basin (Ait Kandoula fm) has been recently dated as Middle to Late Miocene (Tesón et al. 2010) . This formation rests unconformably over selected thrusts and folds, whereas it is affected by others (Fraissinet et al. 1988; Tesón & Teixell 2008) . Hence, main thrusting must have initiated sometime within a generalized sedimentary hiatus below the Ait Kandoula Formation (Oligocene to early Miocene), and has continued at similar rate until the Quaternary Arboleya et al. 2008 , Pastor 2008 . Apatite fission track ages of 9-25 Ma recorded in the High Atlas of Marrakech (Missenard et al. 2008; Balestrieri et al. 2009 ) and thermal modelling in the central High Atlas (Barbero et al. 2007 ) are compatible with the Neogene age of main thrusting. Shortening and crustal thickening since late Eocene times, probably with relatively faster rates since the Miocene, has led to surface uplift in the Atlas.
However, an enigmatic feature of the Atlas region as a whole, which has received the attention of many geoscientists, is its high topographic elevation compared with the modest values of shortening and crustal thickening. An inverse correlation between shortening and elevation along the central High Atlas belt indicates that crustal thickening does not fully explain the observed topography and suggests a mantle-sourced, thermal contribution to uplift (Teixell et al. 2003) , which is corroborated by geophysical data and modelling (Seber et al. 1996; Ayarza et al. 2005; Teixell et al. 2005; Zeyen et al. 2005; Missenard et al. 2006) . While crustal thickness is moderate (only locally reaching values ca. 40 km, Wigger et al. 1992 , models show a prominent lithospheric thinning that accounts not only for the high topography at long wavelengths but also for the poor preservation of foreland basins (note that much of the High Atlas lacks peripheral foredeeps or they are very shallow; Figs 1 & 4a, b) , and for the occurrence of Cenozoic alkaline magmatism contemporaneous to compression (see a review in Teixell et al. 2005) .
The timing of long-wavelength surface uplift related to the mantle structure has been indirectly inferred from the chronology of associated magmatic events (last 15 Ma for the later phase; Teixell et al. 2005; Missenard et al. 2006) , and from stratigraphic palaeoelevation markers (1000 m in the past 5 Ma at c. 0.2 mm a 21 ; Babault et al. 2008) . The reasons for the thinned lithosphere in a region that has been subject to compression during much of the Cenozoic remain unresolved.
The Eastern Cordillera of Colombia
The Eastern Cordillera is the easternmost branch of the northern Andes of Colombia. It is a NNEtrending, 110-200 km wide thrust-fold belt that is separated from the subduction/magmatic complexes of the Western and Central Cordilleras by an intervening depression, the Middle Magdalena Valley Basin. The Eastern Cordillera appears now as a doubly verging thrust system formed during the Cenozoic by the inversion of a Mesozoic backarc rift (Colletta et al. 1990; Cooper et al. 1995; Mora et al. 2006) .
Uplift of the Eastern Cordillera was related to transmission of stresses to the South American plate by the accretion of arcs in the northwestern Andes, and was associated with subsidence in the adjacent foreland basins of the Middle Magdalena 291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348 Valley and the Llanos (Fig. 2) . The general structure of the Cordillera has long been reported by crosssections that illustrate diverse conceptions of its structural style (Campbell & Burgl 1965; Julivert 1970; Colletta et al. 1990; Dengo & Covey 1993; Cooper et al. 1995; Roeder & Chamberlain 1995; Restrepo et al. 2004; Cortés et al. 2006; Mora et al. 2008; Tesón et al. 2013; Toro et al. 2004 ). There are conflicting views regarding the role of low-angle thrusting and the magnitude of associated translations, from thin-skinned interpretations (Dengo & Covey 1993; Roeder & Chamberlain 1995) to thickskinned models dominated by basement-involved, inverted extensional faults (see a review in Tesón et al. 2013) . Rifting history of the Eastern Cordillera dates back to the Triassic -Jurassic for a first phase, and to the early Cretaceous for a main phase when a graben system roughly coincident with the present Cordillera was developed (Etayo et al. 1969; Cooper et al. 1995; Sarmiento-Rojas 2001 , and references therein). Post-rift deposits accumulated from the late Albian through the late Cretaceous. Triassic-Jurassic rift deposits are areally restricted and consist mainly of terrestrial red beds, whereas widespread lower Cretaceous sediments (up to 5 km thick) are dominantly marine, including alternating sandstone and shale formations in the eastern flank of the Cordillera, and mainly deeper-water shales in the west, with turbiditic formations at the base. The upper Cretaceous Q3 of the Sabana de Bogotá area still includes marine shales and sandstones; the first terrestrial deposits indicative of an overfilled basin appear in the late MaastrichtianPaleocene.
The structure of the Eastern Cordillera is illustrated by a cross-section through its central segment near the latitude of Bogotá (Fig. 4c) . Clear structural and geomorphic variations can be seen in this cross-section: from steep orogen flanks of high relief dominated by outward-verging thrust systems to the axial plateau of the Sabana de Bogotá, which is characterized by relatively open and symmetric folds with minor thrust displacements (see also Julivert 1970; Mora et al. 2008) .
As observed in the case of the High Atlas, thrust deformation is concentrated along the former rift margins. The thrust belts at the flanks of the Eastern Cordillera are asymmetric with regard to deformation intensity, topography and morphology, and magnitude and age of exhumation (Mora et al. 2008 ). The eastern margin shows clear evidence of thick-skinned deformation in the Quetame basement massif (Figs 2 & 4c) . This massif was uplifted by a major, west-dipping thrust (Tesalia Fault), formed by inversion of a formerly extensional fault. Extensional faults, inverted or not, are common around the massif (Mora et al. 2006) . In front of the Quetame massif, the Guaicáramo thrust sheet carries a reduced Cretaceous succession and the Cenozoic Medina Basin (Parra et al. 2009a , and is separated from the autochthonous Llanos foreland basin by another thrust derived from the inversion of a graben margin. The western flank of the Eastern Cordillera shows less structural relief; basement is not exposed but previous authors, on the basis of stratigraphic variations, reported inverted extensional faults defining major thrust units (Salina, Bituima, Cambao thrusts; Gomez et al. 2003; Restrepo et al. 2004; Cortés et al. 2006) . Thin-skinned thrusts do occur, either in the lowermost Cretaceous successions of the Villeta anticlinorium (Cortés et al. 2006) or within the Cenozoic succession of the proximal Middle Magdalena Valley foreland (Honda thrust sheet, Fig. 4c ).
The interior of the Eastern Cordillera at the Sabana de Bogotá keeps a rather homogeneous structural elevation as defined by fold envelopes (Fig. 4c) . The Sabana preserves Palaeogene sediments (mainly terrestrial), largely eroded in the orogen flanks. The deep structure of the Sabana de Bogotá is poorly constrained owing to a constant exposure level and poor imaging in seismic reflection data. The Floresta basement massif located 150 km northwards along-strike (Fig. 2) indicates that basement faults may exist at depth, although fold geometry at the Sabana suggests a detachment in the lower part of the Cretaceous succession. Depth-to-detachment calculations tentatively indicate that such detachment level might be some 4 km below the surface of the Sabana. A salt formation sourcing the Zipaquirá and Nemocón diapirs and many other salt occurrences throughout the Sabana (McLaughlin 1972 ) is thought to have accumulated at the level of the earliest Cretaceous Macanal or Fómeque formations (Lopez et al. 1988) . This is approximately the position of our estimated detachment level in the subsurface, and accordingly we interpret the Sabana as a salt-detached fold belt of the style represented in Figure 4c . That salt tectonics may have played an important role in the Sabana folding is also suggested by the exposed fold geometries. Systematic limb overturning in many anticlines (e.g. Julivert 1963 Julivert , 1970 ) may represent diapir-margin deformation similar to that described in well-documented salt provinces (e.g. Giles & Lawton 2002; Rowan et al. 2003) ; folds may have originated as salt walls, later squeezed during continuous shortening, so the salt formation has been removed from most of them (although its existence at depth is suggested by the brine springs reported in Campbell & Burgl 1965 and McLaughlin 1972) . Synclinal topographic depressions in the Sabana de Bogotá were eventually filled during the late Neogene and Quaternary with fluviolacustrine deposits (Tilata and Sabana formations, 350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406 Julivert 1963, Andriessen et al. 1993; Torres et al. 2005) , which smoothed the relief of the plateau.
Estimates of total orogenic shortening in the Eastern Cordillera have been published in several papers (see Toro et al. 2004 and Tesón et al. 2013 for a review). On one hand, dominantly thin-skinned interpretations have come up with magnitudes from 150 to 200 km (Dengo & Covey 1993; Roeder & Chamberlain, 1995) . On the other, thick-skinned models arrived at shortening magnitudes of c. 70-100 km, which is about 25 -30% of the original length (Colletta et al. 1990; Toro et al. 2004; Tesón et al. 2013) . We favour the later values, appreciating the structural style displayed in the above-cited publications and a preliminary estimate of line lengths in Figure 4c .
Timing of deformation and surface uplift
Many studies indicated a main Andean phase starting in the mid Miocene and continuing into recent times as the principal episode of mountain building in the Eastern Cordillera of Colombia, which was the locus of the more or less disrupted foreland basin of the Central Cordillera before that time (e.g. Dengo & Covey 1993; Cooper et al. 1995; Hoorn et al. 1995; Toro et al. 2004; Bayona et al. 2008; Horton et al. 2010) . Increasing evidence for Palaeogene deformation indicating that the former Eastern Cordillera Basin was far from stable and was strongly compartmentalized includes: (1) a regional mid Eocene unconformity in the Middle Magdalena Valley and western foothills (Gomez et al. 2003; Restrepo et al. 2004; Parra et al. 2012) ; (2) growth stratal geometries in the Palaeogene of the western foothills and of the Sabana de Bogotá (Julivert 1963; Gomez et al. 2003 Gomez et al. , 2005 ; and (3) flexural modelling of the Paleocene-Eocene formations of the Cordillera interior (Sarmiento-Rojas 2001; Bayona et al. 2008) . These were relatively mild deformations in the former rift basin that did not prevent connection between the Central Cordillera and the Llanos foreland, although they controlled significantly the sedimentary thicknesses of the Paleocene -Eocene formations, their palaeogeography and palaeocurrents, which locally flowed NE parallel to the growing folds (Gomez et al. 2005) . Fold limb rotation and overturning in the Sabana de Bogotá is a persistent and long-lived feature recorded by uppermost Cretaceous to lower Oligocene growth strata (Julivert 1963; Gomez et al. 2005) . Neogene main emergence of the major thrust faults that characterize the Cordillera flanks attest to strong basin-margin inversion that had probably commenced already in the late Oligocene to early Miocene, as recently indicated by subsidence and exhumation analysis (Parra et al. 2009a, b; Mora et al. 2010 ) and detrital sediment provenance. Detrital zircon geochronology studies reveal a recycling of the Palaeogene Sabana sediments into the Carbonera Formation of the Medina and Llanos basins during this time . The Eastern Cordillera developed into an effective topographic barrier that separated the Central Cordillera from the Llanos Basin at least before mid to late Miocene times, when detrital zircons of Meso-Cenozoic age (which indicate a Central Cordillera provenance or recycling of cenozoic clastic rocks of the Eastern Cordillera) disappear in the stratigraphic succession of the eastern foothills ). The contemporaneous conglomeratic fluxes of the Honda and Guayabo formations into the Middle Magdalena Valley and Llanos basins may be the expression of these uplift events (Hoorn et al. 1995; Gomez et al. 2003) .
The late Neogene fluviolacustrine deposits of the Sabana de Bogotá contain palaeoflora which has been compared with the range of temperature tolerance for modern taxa presumed to be their nearest living relatives. Using this method, Van der Hammen et al. (1973) and Hooghiemstra et al. (2006) inferred low altitudes until the late Miocene, and a rapid surface uplift of c. 1500 + 500 m between 6 and 3 Ma ago, a period in which the Sabana de Bogotà (c. 5000 km 2 ) experienced sedimentary aggradation. However, following GregoryWodzicki (2000) , the error margins may be significantly larger (+1500 m), which implies that the proposed palaeoelevation changes may not be reliably resolved by the nearest living relatives method. Therefore, we cannot discard that the Eastern Cordillera has experienced continuous thickening and surface uplift since the onset of mountain building.
The record of ongoing shortening to recent times is provided by the strong deformation of the Honda and Guayabo formations in the most external thrust sheets of the Cordillera, also in agreement with very young apatite fission track ages in the Quetame massif (c. 3 Ma and younger) that attest strong exhumation in the Cordillera margins in the latest Neogene and Quaternary (Mora et al. 2008 ).
The Pyrenees
The Pyrenees formed in late Cretaceous to Cenozoic times as a result of convergence between the Iberian and European continental masses, which closed a rift basin located in between. The Pyrenean continental crust was severely attenuated during Mesozoic rifting, to a point where peridotites of the upper mantle were exhumed to the rift-basin floor according to recent interpretations (Jammes et al. 2009; Lagabrielle et al. 2010) , although oceanic crust did not form in the segment now separating France from the Iberian peninsula (Fig. 3) . As such, the central and eastern Pyrenees can be considered an inverted rift much like the Atlas or Eastern Cordillera, but with greater amounts of extension and subsequent contraction.
Rifting in the Pyrenees commenced in the Permian-Triassic, with the main phase of extension during the early Cretaceous, when an eastwest-trending basin system, approximately spatially coincident with the present mountain belt, was defined (e.g. Puidefàbregas & Souquet 1986; Vergés & García-Senz 2001) Q4
. Upper Cretaceous sediments are laterally extensive and could be viewed as post-rift deposits, although extensional faulting was locally still under way. The Mesozoic basins were strongly inverted during the Pyrenean orogeny, in association with rapid subsidence in adjacent foreland basins, the proximal parts of which were deformed and incorporated in the thrust system. Hence, much of the southern Pyrenees are built by deformed Cenozoic sedimentary rocks that provide an unique record of the timing and kinematics of the thrust-fold belt (e.g. Séguret 1972; Labaume et al. 1985; Puigdefàbregas et al. , 1992 Martínez et al. 1988; Mutti et al. 1988; Vergés & Muñoz 1990; Burbank et al. 1992; Teixell 1996; Millán et al. 2000; Teixell & Muñoz 2000) .
Recognition of the structure of the Pyrenees started approximately a century ago, and has benefitted from the deep seismic profiling of the ECORS programme. Complete cross-sections based on extensive field geology and inferences from seismic profiles (along the section trace or projected) include Muñoz (1992), Vergés et al. (1995) and Teixell (1998) . The cross-sections of Figure 5 illustrate the structure of the central Pyrenees, showing a north-verging thrust belt in the northern part (the North Pyrenean Zone) with very thick Cretaceous successions corresponding to the axis of the previous rift or transtensional basin. Localized high-temperature metamorphism of mid Cretaceous age attests to severe crustal thinning and high heat flow. The North Pyrenean belt shows a thick-skinned style with thrust faults that usually involve the Hercynian basement and that have been formed by the inversion of Cretaceous normal faults (Peybernès & Souquet 1984) . Additionally, local detachments and diapirism sourced in Triassic salt are common (Canérot et al. 2005; Lagabrielle et al. 2010) .
A southern, wider part of the Pyrenees is characterized by south-verging thrusting and includes the Axial Zone, a stack of basement-involved thrust sheets that forms the core of the chain, and a detached imbricate fan in front of it (South Pyrenean Zone; Fig. 5 ). Hence the Pyrenees differ from the central High Atlas and the Eastern Cordillera in the occurrence of an axial massif with high structural relief (and high topographic relief as well). The massif consists of large antiformal stack in the Eastern Pyrenees and in the eastern Central Pyrenees (Fig. 5a) , whereas to the west the basement thrust sheets exhibit a lesser degree of overlap and structural relief decreases (although a central culmination can still be defined; Figs 3 & 5b) . Much of the South Pyrenean Zone shows a major detachment in Triassic salt (and local diapirism), although there are marked variations along-strike. Cretaceous successions are thick beneath the Tremp Basin (on top of the Montsec thrust in Fig. 5a ), as the main thrust sheets there derive from the inverted basin, whereas in the Jaca Basin transect the southern Pyrenees contain only a reduced Upper Cretaceous succession accumulated out of the early Cretaceous deep basin trough. Large basement thrusts as the Gavarnie and Guarga are thus shortcut thrusts from the basin margin existing to the north (Fig. 5b ). All this is because the original southern margin of the rift basin was not linear, but formed salients and re-entrants, a geometry that resulted in the frequent lateral thrust ramps of the present-day Pyrenees (Fig. 3) .
Total shortening for the ECORS-Pyrenees section of Figure 5a has been estimated as c. 100 km (Roure et al. 1989 ) or 150-165 km (Muñoz 1992 Beaumont et al. 2000) . For the narrower, westcentral Pyrenees (Fig. 5b) , shortening was estimated as c. 80 km (Teixell 1998) . In both transects the percentage shortening across the mountain chain is probably not less than 40%.
Timing of deformation and surface uplift
Our present knowledge of the timing of the Pyrenean mountain building is mainly based in the South Pyrenean and Axial zones, where there are larger datasets on tectonics -sedimentation relationships and thermochronology. The beginning of Pyrenean contraction was in the late Cretaceous (late Santonian), on the basis of growth folding in the northernmost Bóixols thrust sheet of the southern Pyrenees, which derives from the inversion of a lower Cretaceous fault system (Garrido-Mejías & Ríos 1972).
Q5
Late Cretaceous to early Cenozoic limited contraction has been postulated for the North Pyrenean Basin as well. Later, during the Palaeogene, the Pyrenees experienced a broad piggy-back sequence of imbrication where the main thrust units were defined (e.g. Cámara & Klimowitz 1985; Labaume et al. 1985; Vergés & Muñoz 1990; Teixell 1998; Beaumont et al. 2000) . Recent accounts for the end of the orogenic activity in the Pyrenees place it in the Burdigalian (c. 18 -16 Ma ago), on the basis of tectonics -sedimentation relationships in the south Pyrenean thrust front and fission-track thermochronology in the Axial Zone (Millán et al. 2000; Jolivet et al. 2007) .
Orogenic growth of the Pyrenees has been synthesized by Sinclair et al. (2005) in an early history of fault inversion and frontal accretion, followed by an accelerated growth of the Axial Zone antiformal stack by underplating. The correlation between the ages of the main cover imbricate thrusts, well constrained from syntectonic sediments, and the ages of the basement thrusts of the Axial Zone duplex is a major challenge. Recent attempts to unravel the timing of the Axial Zone are based on fission track thermochronology. A southward propagation of exhumation is recorded in the ECORS-Pyrenees transect (Fig. 5a) , with: (1) rapid cooling of the northern Axial Zone and North Pyrenean massifs initiating at 50 Ma; (2) granitic plutons of the central Axial Zone providing ages of rapid exhumation of c. 30-32 Ma; and (3) cooling ages of 20 Ma in the southernmost Axial Zone (Fitzgerald et al. 1999; Sinclair et al. 2005; Metcalf et al. 2009 ). Closer to the transect of Figure 5b , the major Gavarnie thrust sheet has provided late Eocene -early Oligocene apatite fission track ages (Jolivet et al. 2007 ) consistent with tectonics -sedimentation relationships observed further south in the Jaca Basin (Teixell 1996) . The main emergence of thrust systems at the Pyrenean mountain fronts started in this epoch, contemporaneous with major structural relief creation in the southern Axial Zone. In the early Miocene, convergence and surface uplift ended.
Tectonics and macroscale drainage development
The High Atlas, the Eastern Cordillera and the Pyrenees exhibit drainage organization features in parallel with the structural characteristics described. In the central High Atlas and in the Bogotá segment of the Eastern Cordillera, shortening is concentrated along the former rift margins, and the orogen interiors consist of less deformed plateaulike areas with a homogeneous structural relief (Figs 4 & 6a, b) . On the other hand, the Pyrenees, with a greater magnitude of orogenic shortening, have developed an axial culmination with high structural relief and also strong regional topographic slopes (Figs 5 & 6c) . The differences in the amount of shortening between these three mountain belts may allow a spatial comparison to be used as a proxy for the analysis of drainage evolution in growing inversion orogens. Current climates in these orogens encompassed semi-arid in the eastern High Atlas to temperate and humid in the Pyrenees and tropical in the Eastern Cordillera. In these 525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638 mountainous regions, past climates are less known than in their adjacent foreland basins, but if present climates held in the past, these differences may have played a role in shaping the topography. In what follows we show that the large-scale patterns of drainage organization in the three mountain belts are consistent with their respective regional slopes, and then are most probably due to tectonic shortening, crustal thickening and surface uplift.
The fluvial drainage of the High Atlas is characterized by abundant reaches that flow longitudinally, that is, parallel to the structural grain, in the orogen interior (Fig. 6a) . Transverse rivers are more common in the orogen flanks, near the northern and southern mountain fronts. Most longitudinal rivers flow along synclines in relatively soft sediments (Jurassic shales), and often cut across thrusts or antiformal ridges (constituted by lower Liassic resistant carbonates) at structural depressions along fold axes. A similar pattern is observed in the Eastern Cordillera, where longitudinal rivers in valleys of relatively low local relief flow along the Sabana de Bogotá plateau and the areas located to the north along-strike (Fig. 6b) . Valleys in the Sabana de Bogotá also occupy synclinal depressions containing Cenozoic sediments between anticlinal ridges constituted by resistant upper Cretaceous sandstone. The flanks of the Eastern Cordillera are characterized by deeply incised transverse rivers (Fig. 6b) , with local relief stronger than in the High Atlas, consistently with the greater bulk shortening and higher regional slope of the former. On the other hand, the Axial Zone of the Pyrenees is characterized by a well-developed transverse drainage (Fig. 6c) .
Observations in the High Atlas suggest that the longitudinal drainage predates the development of transverse rivers in the orogen flanks (Babault et al. 2007 . Remnants of low-relief longitudinal valleys are occasionally seen perched at high altitude, and captures of longitudinal streams by transverse streams are common, especially towards the western, more elevated High Atlas. In the plateau of the Eastern Cordillera, longitudinal rivers also have a protracted history, dating back to Palaeogene times. For this period, palaeogeographic reconstructions indicate sediment dispersal strongly controlled by emerging tectonic structures in the basin (Gomez et al. 2005) . Since the Eastern Cordillera became a topographic barrier in Miocene times, the amounts of erosion in the plateau have been very low. By contrast, the Cordillera flanks are characterized by very active recent erosion, yielding young apatite fission track ages frequently younger than Miocene (Mora et al. 2008) . Again, stream capture of the gently sloping longitudinal rivers in the plateau by the steep and incising transverse rivers in the flanks is common. Headward erosion in the transverse rivers and captures are expressed by wind gaps and depressions in the main drainage divides bordering the Sabana de Bogotá (Struth 2011; Struth et al. 2012) . This geomorphologic evidence indicates that drainage divides migrate towards the centre of the plateau and that drainage areas of transverse rivers in the flanks increase at the same time (Struth et al. 2012 ).
The timing relationships described above argue for a process of drainage reorganization, from longitudinal-dominated to transverse-dominated, occurring alike in these two orogens of moderate tectonic inversion. Absolute chronologies are not available for the Atlas case, although low-relief, structure-controlled drainage can be envisaged at least for the late Eocene times, when earliest indications of growth of structural highs go in parallel with little exhumation (no fission track cooling records) and with the unroofing of only the highest levels of the preorogenic sedimentary cover (Tesón 2009; Tesón et al. 2010) . Babault et al. (2012) suggest that the increased tectonic thickening and surface uplift in later times incremented potential energy on both sides of the deformed western High Atlas, and enhanced the fluvial erosion in short transverse rivers (Fig. 7) . Record of the progressive development of the transverse network might be first indicated by the mid Miocene Ait Kandoula alluvial fans in the Ouarzazate Basin (El Harfi et al. 1996; Tesón 2009) , and by contemporaneous fission track cooling ages in the western High Atlas (Missenard et al. 2008; Balestrieri et al. 2009 ).
In the Eastern Cordillera, growth strata in Palaeogene sediments along the detachment folds of the Bogotá area, together with palaeocurrents, indicate that longitudinal drainage dominated at least the present-day interior of the Cordillera during the early stages of inversion (Paleocene to early Oligocene; Gomez et al. 2005) . Pliocene and Quaternary fluviolacustrine aggradation in the Sabana de Bogotá (Andriessen et al. 1993; Torres et al. 2005; Hooghiemstra et al. 2006 ) argue for a low-relief uplifting plateau, possibly internally drained or with limited connectivity (as observed today; Fig. 6c ). As in the High Atlas (Babault et al. 2012), it can be envisaged that the inversion of the Cordillera during the Neogene increased the mean elevation and, in its flanks, the regional slopes, favouring the development of an actively incising transverse drainage. In addition, the main mechanism of transverse river development was probably headward erosion, as evidenced by stream captures (Struth et al. 2012) . As the plateau area is reduced by piracy and the transverse rivers increase their catchments, an increase in terrigenous influx into the foreland basins is expected. This process may have influenced the coarse accumulations of the late middle Miocene Honda and Guayabo formations in both sides of the Eastern Cordillera.
Evidence for a previous longitudinal drainage has not been reported in the area now occupied by the Axial Zone in the Pyrenees. Certainly, and before grading to transverse from mid Eocene times, longitudinal sediment routing has extensively been reported for the south Pyrenean foreland basin and thrust-top basins, especially in their early stages (e.g. Nijman & Nio 1975; Marzo et al. 1988; Barnolas et al. 1991; Puigdefàbregas et al. 1992; Whitchurch et al. 2011 and references therein) Q6 . This is not surprising as longitudinal rivers have been elsewhere described as characteristic of external parts of growing mountain belts (e.g. Oberlander 1985; Koons 1995; Burbank 1992; Jackson et al. 1996 , Humphrey & Konrad 2000 van der Beck et al. 2002; Ramsey et al. 2008) . However, for comparison with what is observed in the High Atlas and Eastern Cordillera, what is relevant here is to determine whether a longitudinal drainage ever existed in the growing Pyrenean orogen, that is, the hinterland (the Pyrenean Axial Zone). This possibility has never been addressed before.
As mentioned above, compelling evidence for an early longitudinal drainage in the Axial Zone is not Babault et al. (2012) , which can be of general application to inversion orogens which experience progressive increase of tectonic thickening and regional topographic slope.
currently available, but a few provenance observations in the southern Pyrenees lead us to contend that it cannot be ruled out. A detrital zircon U-Pb geochronological study (Whitchurch et al. 2011) shows that the upper Cretaceous and Paleocene sediments in the Tremp Basin (Fig. 6 ) contain zircons with Cadomian crystallization ages. Plutons formed during the Cadomian orogeny are only present in the Eastern Pyrenees and in the northern flank. Whitchurch et al. (2011) interpret these detrital ages as evidence for an Eastern-Pyrenean provenance. Since palaeocurrents are to the west in these strata, the authors implicitly assume that sediment was transported by transverse rivers from the hinterland of the Eastern Pyrenees to the southern foredeep, and from the eastern foredeep to the central foredeep, parallel to the strike of the orogen. Alternatively, we cannot discard the possibility that part of the longitudinal transport from the Eastern to the Central Pyrenees occurred in the hinterland (the growing mountain belt) and was eventually transported by a transverse river in the eastern part of the Tremp Basin. The stacking of basement units in the Axial Zone resulted in the cannibalization, in the Central Pyrenees, of the northern (proximal) margin of the late Cretaceous to Paleocene foredeep before 40 Ma (Beamud et al. 2011) , and consequently neither of these two sediment routing possibilities can be demonstrated with the current knowledge. The same reasoning could be applied to younger deposits preserved in the wedgetop basins of the Central Pyrenees, the Pobla and Senterada Basins at the southern margin of the Axial Zone, where north-derived, Oligocene-age proximal fan sediments (c. 30-25 Ma, Beamud et al. 2011 ) also show a clear Cadomian detrital zircon signal.
At present, the Noguera Pallaresa River and its tributaries drain the Axial Zone (Fig. 6) , incising the Pobla and Senterada basins. However, there are no outcrops of Cadomian rocks in their catchments, which means that the Oligocene catchment of the palaeo-Noguera Pallaresa River had a greater extent or that higher structural levels that supplied the Pobla and Senterada basins contained Cadomian sources that are now completely eroded. Oligocene conglomerates of the Sis palaeovalley (Beamud et al. 2011) , located only c. 20 km west, do not show a Cadomian signal, indicating that the higher structural levels of the central Pyrenean Axial Zone, now eroded, were lacking Cadomian plutons or earlier sedimentary deposits (Palaeozoic or Mesozoic) with that signal. Consequently, we may suggest that the upstream parts of the palaeoNoguera Pallaresa River, previously draining the Eastern Pyrenees, where the Cadomian plutons are located, have been captured after the deposition of the sediments stored in the Pobla and Senterada basins. On the other hand, it is considered unlikely that the palaeo-Noguera Pallaresa River was draining the North Pyrenean zone, north of the North Pyrenean Fault, during the Oligocene (Beamud et al. 2011) .
In summary, transverse rivers have been described in the internal part of most of the Cenozoic orogens (Hovius 1996) . Structural evidence coupled with indications of drainage reorganization in the western High Atlas ) and the Eastern Cordillera of Colombia (Struth et al. 2012) suggest that these inversion orogens evolved from early stages of orogenic growth dominated by structure-controlled longitudinal rivers in its inner parts, and as deformation was accumulated and the regional slope increased, the drainage evolved into a regional slope-controlled, transverse network (Fig. 7) . The case of the Pyrenees may be consistent with this pattern of evolution, as this orogen, in a more advanced stage of tectonic accretion, shows a double-wedge topographic pattern and a drainage network almost completely dominated by transverse rivers, as observed in most of the Cenozoic linear mountain belts considered by Hovius (1996) .
Conclusions
The High Atlas, the Eastern Cordillera of Colombia and the Pyrenees share in common their origin from rift basins, where contractional deformation of continental crust, even if severely attenuated in the rifting stage, was not driven by oceanic slab pull forces. A prominent deformation style is thick-skinned thrust faulting, either derived from the reactivation of early extensional faults, or newly formed as large-scale shortcuts in their footwalls. However, while thick-skinned thrusting is effectively a primary mechanism in the inverted rifts described, weak levels in the syn-rift sedimentary infill (salt, overpressured rocks) have enabled decoupling between basement and cover, and the formation of localized detachment folds or imbricate thrust systems.
Variations in structural geometry between the sections selected reflect different magnitudes of total shortening accumulated, increasing from the High Atlas (20 -25%) to the Eastern Cordillera (25 -30%) and the Pyrenees (c. 40%). The High Atlas and Eastern Cordillera show shortening largely concentrated at the outer flanks, which coincide with the former rift basin margins. Greater thrust translations in the Eastern Cordillera result in high-relief basement massifs in the eastern flank, whereas much of the central and eastern High Atlas lack basement culminations (basement is at a rather homogeneous elevation), with a few exceptions (Fig. 1) . In both orogens the axial regions are high-elevation plateaus with comparatively less deformation and structural relief. Accordingly, much of the exhumation is concentrated in the orogen flanks, especially in the case of the Eastern Cordillera. In contrast, the Pyrenees can be viewed as more mature inversion orogen where a central high-relief culmination of stacked basement thrust sheets occupies the core. This central core (the so-called Axial Zone), which transfers thrust displacement to the mountain fronts via décollement levels in the sedimentary cover, concentrated the greatest exhumation in the Pyrenees.
Convergence in the Pyrenees ceased in the early Miocene, whereas it is still active in the Eastern Cordillera and the Atlas, which experienced major periods of mountain building during the Neogene. In spite of this difference, timing relationships revealed by tectonics -sedimentation relationships and thermochronology indicate a common pattern of evolution. This pattern consists in an early stage of shallow and distributed deformation of the rift basin fill (folding and localized thrusting, with low structural relief), followed by strong inversion and rock uplift concentrated at the basin margins in later stages, with large basement-involved faults causing higher structural relief and high topographic elevations. This is particularly clear in the case of the Eastern Cordillera, while it seems likely in the east-central High Atlas as well. In the west-central Pyrenees, an episode of major rock uplift by shortcut thrusting at the southern basin margin (beginning in the late Eocene) can also be differentiated. We conclude in a mechanism of rift inversion by which initially rift interiors deform in a distributed way, and evolve to a point where strong deformation is concentrated in weaker faults at the rift margins (inverted or newly formed according to the specific mechanical conditions, e.g. Hilley et al. 2005) , giving way to the episode when the prominent mountain topography is acquired.
Observations from the western High Atlas showed that, as this inverted rift evolved from the initial deformation stages to the full accretion, a parallel evolution of the fluvial drainage network was triggered. The axial, plateau-like regions existing in the High Atlas and Eastern Cordillera are dominated by old longitudinal valleys, whereas the orogen flanks are commonly characterized by strongly incised transverse rivers. Transverse rivers are dynamically enlarging their catchments at the expense of longitudinal rivers, by mechanisms of headward extension and stream capture Struth et al. 2012) . The Pyrenees show a two-sided wedge profile with a high-relief Axial Zone and transverse rivers dominating in both sides of the main drainage divide. Applying the longitudinal-to-transverse scheme, deduced from the High Atlas and the Eastern Cordillera, to the hinterland of the Pyrenees (Axial Zone) gives an alternative explanation for unexpected provenance features, which would be indicative of the former existence of longitudinal river reaches. Hence, spatial variations between the different orogens might be taken as a hint to temporal variations, arguing for a common pattern where in the early, mild stages of inversion a longitudinal fluvial network controlled by local structures is established, and as shortening and mean elevation are accumulated, the system reorganizes into a regional slope-controlled network of prevailing transverse rivers.
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